Five N = 82 isotones have been produced in two fusion-fission reactions and their γ rays studied with the Euroball array. The high-spin states of 139 La have been identified for the first time, while the high-spin yrast and near-to-yrast structures of the four others have been greatly extended. From angular correlation analysis, spin values have been assigned to some states of 136 Xe and 137 Cs. Several cascades involving γ rays of 139 La have been found to be delayed, they deexcite an isomeric state with T 1/2 = 315(35) ns located at 1800-keV excitation energy. The excited states of these five N = 82 isotones are expected to be due to various proton excitations involving the three high-j subshells located above the Z = 50 shell closure. This is confirmed by the results of shell-model calculations performed in this work. In addition, high-spin states corresponding to the excitation of the neutron core have been unambiguously identified in 136 Xe, 137 Cs, and 138 Ba.
I. INTRODUCTION
The study of the low-lying excited states of the N = 82 isotones offers the best ground to describe the gradual filling of the active proton orbitals lying above the Z = 50 closure, since these states are free of any neutron contribution up to an excitation energy of about 4 MeV. Particularly, the description of the high-spin states mainly involve the effective interactions of the protons when occupying the valence orbits, particularly the high-j ones, πg 7/2 , πd 5/2 , and πh 11/2 , which can thus be tested. Many years ago, a lot of low-spin states of several N = 82 isotones were used to define the two-body part of shellmodel hamiltonian [1] , which was adjusted some times later [2] using new data on some high-spin states of the "light" N = 82 isotones produced by spontaneous fission of actinides [3, 4] . This set of empirical interactions was then tested on the new high-spin states of 137 Cs, identified in a deep-inelastic reaction up to I π =(31/2 − ) [5] . By combining appropriate fusion-fission reactions to a powerful γ-detection array, it is possible to populate and to study the high-spin states of many N = 82 isotones. In this paper, we present our results obtained on the highspin states of five isotones, been well extended to higher-spin values. The high-spin structures of 139 La have been identified for the first time, displaying an isomeric state with T 1/2 = 315(35) ns located at 1800-keV excitation energy. The states of these five N = 82 isotones are then compared to the results of shell-model calculations using the set of empirical interactions already used to describe the lightest isotones. In addition, groups of states lying above 4 MeV excitation energy in 136 Xe, 137 Cs, and 138 Ba are assigned to the excitation of the neutron core.
II. EXPERIMENTAL DETAILS A. Reactions, γ-ray detection and analysis
The N = 82 isotones of interest were obtained as fission fragments in two experiments. First, the 12 C + 238 U reaction was studied at 90 MeV incident energy, with a beam provided by the Legnaro XTU Tandem accelerator. Secondly, the 18 O + 208 Pb reaction was studied with a 85 MeV incident energy beam provided by the Vivitron accelerator of IReS (Strasbourg). The gammarays were detected with the Euroball array [6] . The spectrometer contained 15 Cluster germanium detectors placed in the backward hemisphere with respect to the beam, 26 Clover germanium detectors located around 90
• and 30 tapered single-crystal germanium detectors located at forward angles. Each Cluster detector consists of seven closely packed large volume Ge crystals [7] and each Clover detector consists of four smaller Ge crystals [8] . In order to get rid of the Doppler effect, both experiments have been performed with thick targets in order to stop the recoiling nuclei (47 mg/cm 2 for 238 U and 100 mg/cm 2 for 208 Pb targets, respectively). The data of the (C+U) experiment were recorded in an event-by-event mode with the requirement that a minimum of five unsuppressed Ge detectors fired in prompt coincidence. A set of 1.9×10
9 three-and higher-fold events was available for a subsequent analysis. For the (O+Pb) experiment, a lower trigger condition (three unsuppressed Ge) allowed us to register 4×10
9 events with a γ-fold greater or equal to three. The offline analysis consisted of both multi-gated spectra and three-dimensional 'cubes' built and analyzed with the Radware package [9] .
More than one hundred nuclei are produced at high spin in such experiments, and this gives several thousands of γ transitions which have to be sorted out. Single-gated spectra are useless in most of the cases. The selection of one particular nucleus needs at least two energy conditions, implying that at least two transitions have to be known. The identification of transitions depopulating high-spin levels which are completely unknown is based on the fact that prompt γ rays emitted by complementary fragments are detected in coincidence [10, 11] . Moreover, the isotopes of interest being produced from two different fissionning compound nuclei, the complementary fragments are different in the two reactions. This gives a fully unambiguous assignment of transitions seen in both experiments.
B. Isomer identification
As reported in previous papers [12, 13] , another experiment was performed using the SAPhIR 1 heavy-ion detector [14] , here composed of 32 photovoltaic cells, in order to identify new isomeric states in the fission fragments. Placed in the target chamber of Euroball, SAPhIR was used to detect the escaping fission-fragments of the 12 C (90 MeV) + 238 U reaction from a thin 0.14 mg/cm 2 uranium target. Thus, all recorded γ rays emitted at rest by a fragment implanted in SAPhIR correspond to the decay of an isomeric state, for which the half-life can be measured in a range of several tens to several hundreds of nanoseconds.
C. γ-γ angular correlations
It is well known that the γ rays emitted by fusionfission fragments do not show any anisotropy in their angular distributions with respect to the incident beam. However, angular correlations of two successive transitions are meaningful. In order to determine the spin val-ues of excited states, the coincidence rates of two successive γ rays are analyzed as a function of θ, the average relative angle between the two fired detectors. The Euroball spectrometer had C 2 239 =28441 combinations of 2 crystals, out of which only ∼ 2000 involved different values of relative angle within 2
• . Therefore, in order to keep reasonable numbers of counts, all these angles have been gathered around three average relative angles : 22
• , 46
• , and 75
• . The coincidence rate is increasing between 0
• and 90
• for the dipole-quadrupole cascades, whereas it decreases for the quadrupole-quadrupole or dipole-dipole ones. The theoretical values of several coincidence rates for the Euroball geometry have been already given in previous papers [15, 16] . The method has been checked by correctly reproducing the expected angular correlations of γ-transitions having well known multipole orders and belonging to various fission fragments.
III. EXPERIMENTAL RESULTS
A. Study of the odd-Z isotones
Level scheme of

55 Cs
The yrast states of 137 Cs were obtained up to ∼ 5.5 MeV from the analysis of the 248 Cm spontaneousfission study [5] . More recently a few transitions were added to this level scheme, using a 252 Cf source [17] . Nevertheless the spin-parity values were only based on results of shell-model calculations.
In our work, γ rays emitted by 137 Cs are seen in the two fusion-fission reactions, with a slightly higher production in the (C+U) reaction compared to the (O+Pb) one, especially for the high-spin states. The high-spin level scheme of 137 Cs has been extended up to ∼ 7.6 MeV excitation energy and spin (37/2 + ), thanks to the observation of about 25 new transitions (see Fig. 1 ).
A 681-keV transition, already identified in the two previous experiments, is also oberved in our work, being located just above the 2783-keV level (Structure B). The coincidence relationships of this γ line involve the four yrast transitions, but we could not observe any transition located above the 3464-keV level, although the intensity of the 681-keV transition would have allowed us to see a higher-spin part of the cascade. This level is likely populated by several high-energy transitions which have escaped from our detection apparatus.
We do not confirm two of the six new transitions above the 1893-keV level, which were proposed by the authors of Ref. [17] in addition to the previous level scheme [5] . The 2223.6-and 1609.4-keV γ rays are not observed in coincidence with the first yrast transitions. Moreover the decay of the 3495-keV level toward the 3302-keV one by means of a 193-keV transition is not observed.
The most noticeable information obtained in this work is the observation of two structures composed of lowenergy transitions (therefore presumably M1) located above the 4350-and 5452-keV levels (Structures C and D in Fig. 1 ). The decays of their low-lying states are very fragmented and involve high-energy transitions. An example of double-gated spectrum showing the first transitions of Structure D and its links to Structure E is given in Fig. 2 . Angular correlations of successive γ rays have been extracted for the most intense transitions of 137 Cs. The experimental results are given in Table I . The three first results indicate that the transitions at 1184 keV, 487 keV, and 890 keV have the same multipole order, while the last one indicates that the multipole order of the 222-keV transition is different from that of the three others. An E2 character is ruled out for the 222-keV transition, because the 1893-keV level would then be an isomeric state, with a half-life of a few tens to a few hundreds of ns, at variance with the fact that the 1184-487-222 keV cascade is not observed in the SAPhIR experiment. Thus the 222-keV transition is assigned to be a dipole transition, while the 1184-, 487-, and 890-keV transitions have an E2 character. These arguments result in the spin values of 11 a The number in parentheses is the error in the last digit.
The spin assignments of the higher-lying states are based on the following assumptions: (i) In the yrast decays, spin values increase with excitation energy, (ii) The low-energy transitions have a M 1 character. In addition the negative parity proposed in Ref. [5] lows: First the ratio, I γ (487 keV)/I γ (1184 keV)= 0.88, has been measured in a spectrum built with double gates set on its main complementary fragments ( 103,105 Tc) in the (C+U) experiment. Then, the spectrum gated simultaneously on the 1184-keV γ-ray and Tc transitions gives the 222-keV intensity relative to the 487-keV one. Finally all other intensities have been measured from spectra built with double gates set on 137 Cs transitions.
Level scheme of
57 La
High-spin states in 139 La were scarcely known before our work. Four states with I = 9/2 and two states with I = 11/2 have been proposed from (n, n ′ γ) reaction, at an excitation energy below 1.6 MeV [18] , most of these states directly decaying to the ground state. Thus in order to identify the γ-ray cascades emitted by the high-spin states of 139 La, we have first used double-gated spectra on transitions of 101,102,103 Nb isotopes [19] , the complementary fragments of 139 La in the (C+U) fusion-fission experiment. We cannot confirm the existence of a 9/2 + state at 1219 keV, which should have been the yrast one, since we do not observe any of the 1219-or 1051-keV transitions [18] . However we confirm the (9/2 + ) state at 1381 keV, thanks to its decay toward the 5/2 + level (located at 166 keV), via the 1215-keV line which is in clear coincidence with the known 166-keV 5/2 + → 7/2 + tran- sition. The 1215-keV transition is one of the strongest transition observed in coincidence when gating directly on the complementary fragments. The two other reported 9/2 + levels, being non-yrast, cannot be identified in our experiment. Secondly, the 166-1215 two-gate spectrum easily reveals, in addition to Nb transitions, many new γ-lines which have to be located above the 1381-keV state of 139 La. Finally, all the coincidence relationships between these new transitions have been carefully analyzed in order to build the level scheme shown in Fig. 3 .
Two levels at very close excitation energies are reported in the literature at 1537.7 and 1537.9 keV, with proposed spin assignments of (11/2 + ) for the former, which only decays to the ground state, and 7/2 + for the latter, which populates equally the ground state and the first excited state at 166 keV [18] . The 1537-keV γ-line is only present in our data in coincidence with the Nb transitions, meaning that only the (11/2 + ) state has been populated in our experiment.
A second doublet of close-lying states is known at 1420.5 keV and 1420(12) keV [18] . The first one, populated in the β-decay of 139 Ba (I π gs = 7/2 − ) with logf t=7.6, shows a main decay to the ground state and a weak component to the first excited state (9%). The second one was populated with a L=5 transfer in (
He), and ( 7 Li, 6 He) reactions [18] , thus assigned as I π = 11/2 − (from the πh 11/2 orbit). Its γ-decay, not measured, likely involves two branches, the one toward the ground state with a M 2 multipolarity and the one toward the 166-keV level with an E3 multipolarity, i.e., similar to those measured in the neighboring isotones, 141 Pr and 143 Pm [18] . Thus such a de-excitation is the same as that measured for the 1420.5-keV level identified in the β-decay of 139 Ba. This could indicate that there is only one state at 1420.5 keV. Nevertheless the measured value of the direct β-feeding is too high for a secondforbidden non-unique transition (∆J = 2, ∆π = +). Thus the results of β-decay and transfer reactions cannot be reconciled and two states very close in energy do exist in 139 La. The 1420-keV state identified in the present work only decays toward the ground state, but a weak decay to the 166-keV state cannot be excluded when taking into account the low intensity measured for the 1420-keV line. In Fig. 3 , we have chosen the value I π = 11/2 − , as discussed below.
Noteworthy is the fact that the 232-keV transition has to be a doublet in order to satisfy all its coincidence relationships, the first member is located above the 1800-keV state and the second one above the 2917-keV state. Some examples of double-gated spectra showing the most intense 139 La transitions are displayed in Fig. 4 . By using the data from the SAPhIR experiment, the three cascades involved in the decay of the 1800-keV level have been found to be delayed. The time distribution between the detection of two fragments by SAPhIR and of the 1215-or the 330-keV transition by Euroball is shown in Fig. 5 . In order to reduce the background, we have selected the events containing an additional γ-ray belonging to the 330-1215-166 cascade. Thus the half-life of the 1800-keV level has been obtained, T 1/2 =315(35)ns.
The level scheme of 139 La includes five transitions with an energy lower than 100 keV. We have observed all their γ lines but the 9-and the 58-keV transitions. The former is located between the levels at 3184 keV and 3175 keV because of some coincidence relationships. Indeed the spectrum gated by the 1068-and 389-keV lines exhibits both the 1375-keV transition and the 298/853-keV cascade [see Fig. 4 (c)], while the spectrum gated by 1322-and 130-keV lines only exhibits the 1375-keV transition. For the 58-keV transition, it is needed to account for all the coincidence relationships of the 1322-and 1486-keV transitions.
The determination of the transition intensities is rather delicate because of the isomeric state at 1800 keV which induces a loss in intensity ∼ 50% for many transitions in the gated spectra, while some others keep their relative intensity, as they belong to decay paths by-passing the isomeric state. Therefore we do not give any intensity value in Table III . On the other hand, the de-excitation branching ratios of levels, if any, can be determined as they do not suffer the drawback mentioned above, they are given in Table IV . 
a The intensity balances used to measure the branching ratios take into account the conversion electrons of the low-energy transitions. b The number in parentheses is the error in the last digit.
Angular correlations of transitions emitted by
139 La could not be measured due to their too weak intensities in the (O+Pb) experiment. Spin and parity assignments have been therefore deduced by using the following arguments: (i) The spin values increase with excitation energy, (ii) The high-energy (low-energy) transitions likely have an E2 (M 1) character, (iii) The measured branching ratios as well as the existence or the absence of cross-over transitions place some conditions on the multipolarities. Starting from the two values already known, I π =7/2 + for the ground state and I π =5/2 + for the first excited state [18] , we have obtained the values given in parentheses in Fig. 3 , some of them are discussed now.
First of all, it is important to note that the level scheme of 139 La does not resemble the one of 137 Cs, particularly its 5/2 + state at 166 keV takes part to the yrast structure, while the 5/2 + state of 137 Cs, being higher in energy (455 keV), is not observed in our work (see Fig. 1 ). On the other hand, the low-lying part of the level scheme of 139 La can be compared to the one of 141 Pr, which exhibits both the 5/2 + state and the 7/2 + one in the in-beam studies [20] . This leads the spin values of the 1381-, 1537-and 1711-keV states to be 9/2 + , 11/2 + , and 13/2 + , respectively. + . This change is due to the number of protons occupying the two orbits close to the Fermi level, namely πg 7/2 and πd 5/2 . For the decay of the 3184-keV state of 139 La, the fact that a 9-keV transition competes with a 298-keV one implies that the former is M 1 while the latter has to be hindered, such as expected for an E2 transition of low energy. Similar argument is used for the choice of the parity value of the 3305-keV level: The 58-keV transition is assumed to be M 1 while the 130-keV transition would be E1, as imposed by their relative branching ratios (Table IV) . The yrast excitations of 136 Xe, studied using a 248 Cm source, were identified up to an excitation energy of 6.2 MeV and a spin value of (13 + ) [4] . Since 136 Xe is produced in both reactions used in the present work and the fusion-fission process brings higher angular momenta than that obtained in the spontaneous fission of actinides, we have looked for new γ-ray cascades emitted by 136 Xe. The level scheme built from these analyses is shown in Fig. 6 . We have gathered in Table V the transitions assigned to 136 Xe from this work. The level scheme has been extended up to 7.9 MeV excitation energy by means of several γ rays in cascade. Moreover three new decay paths of the (12 + ) state at 5950 keV have been observed. The spin values of states lying below 2.3 MeV excitation energy are those proposed in the previous works [18] . In addition we have measured the angular correlations of a few γ rays of 136 Xe lying above its long-lived isomeric state (see Table VI ). The results indicate that the 968-and 255-keV transitions have an E2 character, knowing that the 370-keV γ-ray is a dipole transition linking two states having the same spin value [18] . It has to be noticed that a new γ-ray linking the 2261-keV level to the 4 + state at 1694 keV has been observed, which is in good agreement with the involved spin values. Finally, the 2866-keV state has I π = 8 + , as it is directly populated by a 10 + state and it decays a The number in parentheses is the error in the last digit.
toward a 6 + state (see Fig. 6 ). For the highest-spin part, we have assumed that the spin values increase with excitation energy and that the low-energy transitions have a M 1 character.
We have looked for isomeric states in 136 Xe by using the data registered with the SAPhIR detector. Only one γ-ray cascade has been found to be delayed, that decaying the known isomeric state at 1891 keV. Previous information regarding the medium-spin states of 138 Ba comes from results of the (α,2n) reaction, where levels with spin values up to 12 and excitation energies of 4.7 MeV were identified [21] . All the yrast levels have been confirmed by the analyses of both data sets of the present work. Moreover, the spectra doubly-gated on the known transitions allowed us to identify many new γ-lines which extend the level scheme up to 9.3 MeV excitation energy. We have gathered in Table VII the properties of all the transitions assigned to 138 Ba from this work and its level scheme is drawn in Fig. 7 .
Level scheme of
First, several transitions have been found to populate the 12 + state at 4687 keV. The most intense is the 705-keV transition [see the spectrum of Fig. 8(a) ] which defines the new level at 5392 keV. Above it, the gamma intensity is spread over several lines. Secondly, a new structure has been built above the 9 − state already known from the (α,2n) reaction (see the right part of Fig. 7) . Thirdly, the high-energy part of the yrast structure of 138 Ba consists of ten transitions in mutual coincidences which are located between 5740 keV and 9333 keV. The three first states of this new band show many decay paths involving states lying in the excitationenergy range [3620-5357] keV, indicating a large change of configuration, which will be discussed in Sect. IV.
For the spin assignments, we have first used the results of the previous experiment [21] , particularly the angular distributions and linear polarizations. It is worth mentioning that the (α,2n) reaction populates both yrast and yrare states of the produced nuclei. Thus in many cases, the knowledge of the transition multipolarity was not enough to determine unambiguously the spin and parity values of the decaying state. For instance, even though the multipolarity of the 449-keV transition was measured to be stretched E1 (see Table 2 the authors had given the spin value of the 3631-keV level with parentheses, I π = (9 − ), because I π = 7 − could not be excluded. Since in the fusion-fission reactions the yrast states are the most populated, the spin value of the 3631-keV level cannot be 7 − but is 9 − , without ambiguity. The same arguments hold for the 3909-keV level (I π = 10 + ) and 4687-keV level (I π = 12 + ), as the 727-and the 778-keV γ rays are stretched E2 transitions (see Table 2 of ref. [21] − state at 3631 keV and the 10 + state at 3620 keV. Finally assuming that all the transitions located above the 6209-keV levels have a M 1 multipolarity, we assign I π = (20 + ) to the 9333-keV level.
We have looked for isomeric states in
138 Ba by using the data registered with the SAPhIR detector. Only one γ-ray cascade has been found to be delayed, that decaying the known isomeric state at 2089 keV (see Fig. 7 ). The spectrum of γ rays which have been detected in the time interval 50 ns-1 µs after the detection of two fragments by SAPhIR and in coincidence with the 1435-keV line is shown in Fig. 9 . In addition to the expected 462-and 191-keV transitions belonging to the known delayed cascade, we observe a small peak at 180 keV. The latter is emitted by one of the complementary fragments, 101 Mo, which also exhibits an isomeric state with T 1/2 =95(15) ns [22] . Such a spectrum demonstrates the selectivity of an apparatus such as SAPhIR + Euroball when looking for the decay of isomeric states of the fission fragments. 
Level scheme of
13
− state at 5102 keV, which was the highest-spin level obtained in the (α,2n) reaction [23] . Most of the new states have likely a negative parity, as they are only linked to the 13 − state. All the levels observed in this work are drawn in Fig. 10 . Those lying below 5200 keV are the same as the yrast states previously obtained in the (α,2n) re- action, their spin and parity values being determined from results of angular distributions and linear polarizations [23] . The properties of the transitions observed in the present work are gathered in Table VIII . Even though most of them were already known from the previous work, they are repeated here for completeness. For the spin assignments of the new levels, we have used the same arguments as those given in the previous sections. Lastly, we have looked for isomeric states in 140 Ce by using the data registered with the SAPhIR detector. Only the γ rays decaying the two known isomeric states at 2108 keV and 3714 keV (see Fig. 10 ) are weakly observed. + and 10 + states are from Ref. [18] .
IV. DISCUSSION
The high-spin level schemes of the N = 82 isotones with Z > 50 are expected to involve only the three highj orbits, πg 7/2 , πd 5/2 , and πh 11/2 . The two former being very close to the Fermi level for Z ≤ 58, positive-parity structures dominate the low-energy part of the spectra of the isotones studied in the present work. In this section, we present general features of their high-spin behaviors, particularly the maximum spin values which can be obtained when all the proton pairs are broken; we discuss the breaking of one proton pair for some simple configurations and we point out the main differences which may occur in the odd-Z isotones; we compare the results of shell-model calculations to the experimental levels, and lastly we show that the excitation of the N = 82 core is the only way to get the highest-spin values of the lightest N = 82 isotones. 
A. General features
Simple excitation modes are expected in the N = 82 isotones lying just above the doubly-magic 132 Sn because of the low number of available proton orbits. Being close in energy, the first two orbits, πg 7/2 and πd 5/2 , can be assumed to be filled together, thus the configurations are written as (πg 7/2 πd 5/2 ) n , instead of (πg 7/2 ) i (πd 5/2 ) j , with i + j = n. The maximum value of angular momentum, which can be achieved when proton pairs are broken, depends on the total number of valence protons. For + , while one gets the very maximum value, I π = 25/2 + , for mid-occupation of the two orbits in 139 57 La. Noteworthy is the fact that, due to the presence of two different orbits, the same value of I π max is obtained for two different configurations of the even-Z isotones, such as 6 + for (πg 7/2 ) 2 and (πg 7/2 ) 1 (πd 5/2 ) 1 , or 10 + for (πg 7/2 ) 3 (πd 5/2 ) 1 and (πg 7/2 ) 2 (πd 5/2 ) 2 , meaning that we expect two 6 + states or two 10 + states in the corresponding nuclei. The maximum values of angular momentum obtained for the complete alignment of the angular momenta of the protons lying in the πg 7/2 and πd 5/2 orbits are given in the first part of Table IX, for the N = 82 isotones with 52 ≤ Z ≤ 58. These values are well lower than the ones which have been observed in the present work. The promotion of one proton in the πh 11/2 orbit leads to Table IX ). Nevertheless such a process is expected at high excitation energy in the nuclei of interest, since that orbit is located far from their Fermi levels.
Neutron excitation across the N = 82 gap was proposed to be involved in the highest-spin part of the yrast band of 134 Te, 135 I, and 136 Xe [3, 4] . The gain in angular momentum is 9
+ for the (νh 11/2 ) −1 (νf 7/2 ) +1 excitation. While such an excitation is much more favorable for Z = 52 − 54 than the breaking of a πh 11/2 pair mentionned above, it has not to be excluded for higher Z values. Indeed two excited states of 137 Cs lying at 4.35 MeV and 4.77 MeV were related to the excitation of the N = 82 core [5] . The clues of neutron excitation across the N = 82 gap will be presented in Sec. IV C and discussed in Sec. IV D, using the experimental results obtained in the present work.
B. Breaking of one proton pair
The first breaking of a proton pair in the N = 82 isotones having 52 ≤ Z ≤ 58 gives rise to different multiplets which depend on the total number of protons occupying the πg 7/2 and πd 5/2 orbits.
In the even-Z isotones, we expect two simple configurations having a broken pair, (πg 7/2 ) 2 and (πg 7/2 ) 1 (πd 5/2 ) 1 , the remaining protons lying as pairs in the πg 7/2 or/and πd 5 states in the odd-Z isotones (data from this work and ref. [18] ).
140 Ce [3, 4, 21, 23] . Their excitation energies evolve as a function of the position of the proton Fermi level within the two orbits, as shown in Fig. 11 (see the filled circles). The case of the odd-Z isotones is more delicate. If the odd proton is located in the πg 7/2 orbit, the first breaking of a (πg 7/2 ) 2 pair leads to the (πg 7/2 ) 3 configuration, with I π max = 15/2 + . When the odd proton is promoted to the πd 5/2 orbit, the multiplet of the (πg 7/2 ) 2 (πd 5/2 ) 1 configuration extends up to I π max = 17/2 + . First, it is interesting to notice the similar behaviors of the I π max states of the odd-Z and even-Z isotones, the 15/2 + level of (πg 7/2 ) 3 and the 6 + level of (πg 7/2 ) 2 on the one hand, the 17/2 + level of (πg 7/2 ) 2 (πd 5/2 ) 1 and the 6 + level of (πg 7/2 ) 1 (πd 5/2 ) 1 on the other hand (see Fig. 11 ). Secondly, it is worth noting that large changes in the structure of the (πg 7/2 ) 2 (πd 5/2 ) 1 multiplet are foreseen with Z, since the interaction between the three unpaired protons depends on the total number of protons occupying the πg 7/2 orbit. Indeed the two-body interaction evolves from an attractive particle-particle one (for low Z value) to a repulsive particle-hole one (for high Z value). The evolution of the multiplets can be easily predicted following the procedures described in Ref. [24] , which have been already used in similar cases [15, 25, 26] . For that purpose, we only need the values of the residual interactions in the (πg 7/2 ) 2 and (πg 7/2 ) 1 (πd 5/2 ) 1 configurations. They are extracted from the multiplets of states identified in 134 52 Te (see Fig. 12 ). The results of the computations of the (πg 7/2 ) 2 (πd 5/2 ) 1 configuration are shown in Fig. 13 , as compared to the results of the simple configuration, (πg 7/2 ) 3 , which is also active in the nuclei of interest. The yrast line of the latter comprises the 7/2 + , 11/2 + and 15/2 + states [see Fig. 13(a) ]. Noteworthy is the fact that, due to the particle-hole symmetry, the (πg 7/2 ) −3 configuration leads to the same states. On the other hand, three different sets are obtained for the (πg 7/2 ) 2 (πd 5/2 ) 1 configuration, depending on the number of protons filling the πg 7/2 orbit: Fig. 13(b) shows the results obtained for two particles in the πg 7/2 orbit, Fig. 13(c) for mid-occupation of the πg 7/2 orbit (i.e., for 4 particles) and Fig. 13(d) Fig. 13(c) ], which leads to an isomeric state. However we cannot make a one-to-one mapping between the four cases shown in Fig. 13 and the odd-Z isotones, since the two proton orbits are gradually filled together. Thus a shell-model approach with configuration mixings has to be used to precisely discuss the yrast states of the N = 82 isotones, this is presented in the next section.
C. Results of shell-model calculations
Many years ago, a first shell-model (SM) analysis was carried out on the proton configurations of the N = 82 isotones lying above the doubly-magic 132 Sn nucleus [27, 28] . The two-body part of the SM Hamiltonian was parametrized in terms of the modified surface delta interaction (MSDI). The parameters of the interaction, as well as the single particle energies, were adjusted in order to give the best fit of the experimental data known at that time. Many years later, using the wealth of new data on the N = 82 isotones, Wildenthal has modified a lot of the previously obtained values of the two-body matrix elements (TBME) in order to fit as well as possible known excitations energies in nuclei from 133 Sb to 154 Hf [1] . Then Blomqvist has updated these TBME using new experimental information in 133 Sb -138 Ba: The new set of diagonal and non-diagonal proton-proton matrix elements including the five orbits of the 50-82 major shell, are given in Ref. [2] . Afterwards, these empirical effective interactions were used to describe the new yrast level scheme of 137 Cs [5] , the calculated energies were found to be very close to the experimental ones.
In this section, we make a detailed comparison between the experimental information obtained in the five N = 82 isotones studied in the present work and the SM predictions using these empirical effective interactions [2] . The calculations were performed using the ANTOINE code [29] .
well the high part of the experimental sequence (from the (14 + 2 ) state to the (20 + ) one) but not its low part (from the (11 + ) state to the (14 + 1 ) one). Thus the latter is likely issued from the neutron excitation across the N = 82 gap, while the configuration of the former is likely (πg 7/2 πd 5/2 ) 4 (πh 11/2 ) 2 . For 140 Ce, because of its low population in the reactions used in the present work, no cascade of low-energy transitions lying in the top of its level scheme could be observed, thus its highest-spin states with positive parity remain unobserved.
The odd-Z isotones
When Blomqvist had updated the TBME values [2] , the states of 137 Cs having I π ≥ 11/2
were not yet identified, thus they were not considered in the fit. A few time later, the newly-observed levels of 137 Cs were compared to the theoretical results showing a very good agreement [5] . Results of the calculations of the yrast states, as well as some of them close to the yrast line, are shown in Fig. 15 (see the circles), in comparison with the experimental results (drawn with asterisks and crosses). The As discussed in Sec. IV A, a proton pair has to be promoted to the πh 11/2 orbit in order to describe the higher values of angular momentum (see the bottom part of Table IX ). The calculated states of 137 Cs having the (πg 7/2 πd 5/2 ) 3 (πh 11/2 ) 2 configuration are shown in Fig. 16 (see the circles) . The yrast line is irregular, sev- eral states being predicted very close in energy. Nevertheless, this line is not far from the states of Structure D (see the + symbols in Fig. 16 ). Thus the main configuration of the states of Structure D is likely (πg 7/2 πd 5/2 ) 3 (πh 11/2 ) 2 . On the other hand, states of Structure C are too low in energy to be explained in terms of proton excitations (see the × symbols in Fig. 16 ). As already discussed in Sec. IV C 1 for 136 Xe and 138 Ba, neutron excitation across the N = 82 gap has to be considered (cf. the next section, Sec. IV D).
Results of calculation performed for 139 La are shown in Fig. 17 (see the circles) All the experimental states observed below 4116 keV have a theoretical counterpart (see the stars and the crosses in Fig. 17 (Table X) . This could be related to interactions between the states due to proton excitations among the πg 7/2 and πd 5/2 orbits (belonging to the valence space used in the SM calculations) and the states of Structure C (see Fig. 3) .
Finally, the states of Structure C would be likely due to the breaking of the neutron core, as the corresponding states of 137 Cs. Nevertheless since the high-spin states having a broken proton pair in the πh 11/2 orbit are predicted at lower energy than in 137 Cs (about 600 keV less), we expect large mixings of these two excitation modes in 139 La.
Conclusion
This set of empirical effective interactions within the proton valence space including all the orbits of the 50-82 major shell describes well the yrast states of the five isotones studied in the present work, both the even-Z and the odd-Z ones. The deviations between experimental and calculated energies are mostly below 50 keV, that is well better than the values obtained for SM calculations using effective interactions derived from nucleon-nucleon potential, such as done for one prediction of the yrast states of 137 Cs (see Table II of Ref. [17] ). The latter approach is broader since it can be used in all the valence spaces, thus it would be interesting to compare the numerical values of the two sets in order to find whether some particular TBME are at the origin of the better description and to understand why they would be unsatisfactorily calculated from nucleon-nucleon potential.
D. Neutron-core excitation
The neutron excitation of the doubly-magic 132 Sn nucleus gives rise to its first positive-parity excited states: The multiplet from the (νh 11/2 ) −1 (νf 7/2 ) +1 configuration was measured in the 4-5 MeV energy range, with spin values extending from 2 + to 9 + [30, 31] . In 134 Te, states with higher spin values are obtained as this first neutron-core excitation can be coupled to the breaking of the proton pair [3] [see the red circles in Fig. 18(a) ]. The states of 136 Xe, drawn with crosses in Fig. 14(a Fig. 18(a) n ⊗ (νh 11/2 ) −1 (νf 7/2 ) +1 . (a) n = 0 for 132 Sn (black circles), n = 2 for 134 Te (red circles), n = 4 for 136 Xe (blue triangles), and n = 6 for 138 Ba (green triangles). (b) n = 3 for 135 I (red circles) and n = 5 for 137 Cs (blue triangles) (data from Ref. [18] and this work).
good agreement with those of the lighter isotones [see the green triangles in Fig. 18(a) ]. The closeness of the states of 134 Te, 136 Xe, and 138 Ba involving the neutron-core excitation is due to the stability of the gap in energy between the νh 11/2 and the νf 7/2 orbits, as shown in Fig. 38 of Ref. [32] .
For the breaking of the neutron core in the odd-Z isotones, we compare in Fig. 18(b) the states of 135 I lying between 4241 keV and 5576 keV [3] and those of Structure C of 137 Cs, both of them being not described by SM calculations within the proton space (see Ref. [3] and Sec. IV C 2). They show the same behavior and are in good agreement with the corresponding states of the even-Z isotones.
Even though the configurations of the highestspin states of 137 Cs and 138 Ba observed in the present work can be (πg 7/2 πd 5/2 ) 3 (πh 11/2 ) 2 and (πg 7/2 πd 5/2 ) 4 (πh 11/2 ) 2 , respectively (see Sects. IV C 2 and IV C 1), we cannot exclude other configurations involving the breaking of the neutron core, Cs could be assigned from the results of γ−γ angular correlations. All the states observed in these N = 82 isotones have been compared to results of shell model calculations performed in the 50-82 proton valence space and using empirical effective interactions which had been fitted on previous experimental data. Most of the yrast states of the five N = 82 isotones are very well described by this approach. In addition, the excitation of the N = 82 core gives rise to several structures which have been clearly identified in 136 Xe, 137 Cs, and 138 Ba.
